Abstract. During the final stage of oocyte growth, the morphology of the oocyte nucleoli changes into a compact structure. The objective of this study was to determine the involvement of the proteasome, which is a large protein complex responsible for degrading intracellular proteins, in the nucleolar compaction. The mean nucleolar diameter of growing porcine oocytes (about 100 µm in diameter) was larger than that of fully grown (120 µm) oocytes (15.5 ± 0.3 vs. 13.2 ± 0.1 µm, P<0.05). When fully grown oocytes were treated with proteasome inhibitors, MG132 (10 and 20 µM) and lactacystin (100 and 200 µM), the nucleolar diameter significantly increased from 12.9 µm to 14.9-16.1 µm. In contrast, transcription inhibitors, actinomycin D (0.8-8 µM) and α-amanitin (10-100 µM) reduced the nucleolar diameter of growing oocytes to 9.4-12.4 µm. MG132 partially prevented this reduction in nucleolar diameter. These results suggest that the proteasome regulates the nucleolar size in porcine oocytes perhaps through the degradation of nucleolar proteins. Key words: Lactacystin, MG132, Nucleolus, Oocyte, Proteasome inhibitor (J. Reprod. Dev. 58: [162][163][164][165][166] 2012) M ammalian oocytes grow and develop maturation and fertilizing ability during follicular development in the ovary. In the pig, oocytes with a diameter of 30 µm in primordial follicles grow to a final size of 120 µm, while the follicles develop into antral follicles [1] . During the growth phase, oocytes actively synthesize RNAs and proteins, and oocyte nucleoli are intensively engaged in ribosomal RNA (rRNA) synthesis. As the oocytes approach their fully grown size, RNA synthetic activity decreases, and coincidently, the morphology of the nucleoli changes to a compact structure. Such nucleolar compaction has been described in various mammalian species including the mouse [2], rat [3, 4] , cow [5] and pig [6] . In addition, it has been known that an RNA synthesis inhibitor (transcription inhibitor), actinomycin D, induces nucleolar compaction in growing oocytes collected from early antral follicles [6] [7] [8] .
M
ammalian oocytes grow and develop maturation and fertilizing ability during follicular development in the ovary. In the pig, oocytes with a diameter of 30 µm in primordial follicles grow to a final size of 120 µm, while the follicles develop into antral follicles [1] . During the growth phase, oocytes actively synthesize RNAs and proteins, and oocyte nucleoli are intensively engaged in ribosomal RNA (rRNA) synthesis. As the oocytes approach their fully grown size, RNA synthetic activity decreases, and coincidently, the morphology of the nucleoli changes to a compact structure. Such nucleolar compaction has been described in various mammalian species including the mouse [2] , rat [3, 4] , cow [5] and pig [6] . In addition, it has been known that an RNA synthesis inhibitor (transcription inhibitor), actinomycin D, induces nucleolar compaction in growing oocytes collected from early antral follicles [6] [7] [8] .
Nucleoli of somatic cells and growing oocytes in mammals are engaged in the transcription of ribosomal genes, pre-rRNA processing and assembly of preribosomal particles [9, 10] . Ribosome biogenesis is regulated by the transcription of ribosomal genes as well as posttranslational modifications including phosphorylation, methylation and acetylation of nucleolar-related proteins [11] . Moreover, ubiquitylation has recently been suggested to be involved in the ribosomal biogenesis in somatic cells. Stavreva et al. [12] examined the role of the ubiquitin-proteasome system in ribosome biogenesis using a proteasome inhibitor, MG132 (carbobenzoxy-Lleucyl-L-leucyl-L-leucinal), and found that the inhibitor induced drastic changes in nucleolar architecture. Proteasome is a large protein complex responsible for degrading intracellular proteins. Protein degradation through the ubiquitin-proteasome system is the major pathway of nonlysosomal proteolysis and plays crucial roles in cellular events such as the cell cycle, signal transduction, maintenance of proper protein folding and gene expression [13, 14] .
We hypothesized that protein degradation through the ubiquitinproteasome system is involved in the morphological change of the oocyte nucleolus during the final stage of oocyte growth. After morphometric analysis of nucleoli in growing and fully grown oocytes collected from pig ovaries, we examined the effects of two kinds of proteasome inhibitor, MG132 and lactacystin, on the nucleolar morphology of fully grown oocytes. Furthermore, growing oocytes were treated with transcription inhibitors, actinomycin D and α-amanitin, to induce nucleolar compaction, and the effects of proteasome inhibition on the compaction were examined.
Growing and fully grown porcine oocytes were collected from early antral follicles 0.6-1.0 mm diameter and large antral follicles 4.0-6.0 mm in diameter, respectively. The mean diameters of growing and fully grown oocytes were 97.4 ± 0.6 μm (n=32) and 119.2 ± 0.4 μm (n=44, P<0.05), respectively. Since oocyte cytoplasm contains a number of lipid droplets, which often obscure the nucleoli, oocytes were centrifuged before measurement of nucleolar diameters. Both growing and fully grown oocytes had a large nucleus (germinal vesicle: GV) containing a definite nucleolus (Figs. 1A and 1B) , although fully grown oocytes had a compact homogeneous nucleolus that looked like a polished glass bead. Since cytoplasmic lipid droplets still obscured the nucleoli in some centrifuged oocytes, measurement was performed on oocytes whose nucleoli could be clearly observed. The mean diameter of the nucleoli in growing oocytes was 15.5 ± 0.3 μm (n=28), and that of fully grown oocytes was 13.2 ± 0.1 μm (n=38, P<0.05). These values show that the nucleolar diameter and volume decreased to 85% and 60%, respectively, as the oocytes grew from 100 to 120 μm.
In the first experiment, fully grown oocytes were treated with two kinds of proteasome inhibitor. Cumulus-oocyte complexes containing fully grown oocytes were cultured in medium supplemented with MG132 (2, 10 or 20 µM) or lactacystin (10, 100 or 200 µM) for 24 h. After culture, most of the oocytes were at the GV stage and had a nucleolus (Figs. 1C-1F) . However, the nucleolar diameters of MG132-and lactacystin-treated oocytes significantly increased in dose-dependent manners (Table 1) . At the higher doses of both inhibitors, the nucleolar diameter increased to approximately 115%, and the volume increased to 140% or more. A similar increase in nucleolar diameter was observed in denuded oocytes, although an increased number of degenerated oocytes made the results unclear (data not shown).
In the second experiment, cumulus-oocyte complexes containing growing oocytes were cultured with transcription inhibitors, actinomycin D (0.8, 4 or 8 µM) or α-amanitin (10, 50 or 100 µM), for 24 h. The treatment caused the oocyte nucleoli to become compacted, whereas the control oocytes had as large a nucleolus as before culture (Figs. 2A-2C). Similar nucleolar compaction was induced in denuded oocytes, but the number of degenerated oocytes increased (data not shown). The mean nucleolar diameter of growing oocytes did not change in the cultured control, whereas the nucleolar diameters of oocytes treated with actinomycin D or α-amanitin significantly decreased to 9.4-12.4 μm ( Table 2 ). The effects of MG132 on actinomycin D-or α-amanitin-induced nucleolar compaction were examined. The nucleolar morphology of MG132-treated growing oocytes was similar to the control oocytes (Fig. 2D) . Although the oocytes treated with actinomycin D or α-amanitin in combination with MG132 had a compacted nucleolus (Figs. 2E and 2F), the nucleolar diameters were larger than those in the oocytes treated with transcription inhibitor alone ( Table 2 ). The present study shows that nucleoli of porcine oocytes decrease in size as a result of nucleolar compaction during the final stage of oocyte growth from 100 to 120 μm in the ovary. The compaction might be due to several physiological phenomena such as retraction of intranucleolar chromatin [6] , exclusion of nucleolar proteins from the nucleolus to the nucleoplasm [15] and nucleolar protein degradation as suggested here. In somatic cells, a number of intracellular proteins are continuously synthesized and subsequently degraded, and such a continuous turnover of proteins is required for the maintenance of cellular structure and functions [16] . Protein degradation is mediated partially by the ubiquitinproteasome pathway, which plays important roles in various cellular processes including the cell cycle, cell division, differentiation and development, DNA repair, biogenesis of organelles and apoptosis and so on [14, 17] . MG132 and lactacystin inhibit the proteasome specifically in mammalian somatic cells [18] . Based on the effects of the proteasome inhibitors, it has been suggested that the ubiquitin-proteasome system plays important roles in maturation and fertilization of oocytes [19, 20] and zygotic gene activation of embryos [21] . Cumulus-oocyte complexes containing growing oocytes were collected from early antral follicles 0.6-1.0 mm in diameter. After culture with transcription inhibitors, oocytes were denuded, centrifuged and fixed to measure the nucleolar diameters. Diameters of nucleoli, which were clearly observed under a differential interference microscope, were measured. * Values are means ± SEM. ** Oocytes were treated with 1.0% (v/v) DMSO. a-f Values with different superscripts in the same column differ significantly (P<0.05).
Besides these roles, it has been suggested here that proteasomedependent protein degradation regulates the nucleolar size of oocytes. In the present study, two kinds of proteasome inhibitor increased the nucleolar size of fully grown porcine oocytes. The results are probably not caused by the deleterious effect of the inhibitors because oocytes treated with MG132 for 24 h maintained maturation competence after washing the inhibitor off the oocytes in our preliminary experiment. Furthermore, MG132 partially prevented transcription inhibitor-induced nucleolar size reduction in growing oocytes. The results suggest that the nucleolar compaction during oocyte growth is associated with degradation of nucleolar proteins by the proteasome. The effect of MG132 on the nucleolar size was stronger in fully grown oocytes than in growing oocytes. The reason for this is unclear; however, it is possible that the degradation of nucleolar proteins might be promoted in fully grown oocytes perhaps by higher proteasome activity or increased ubiquitination of nucleolar proteins. This possibility and ubiquitination of proteins in oocyte nucleoli require further study. It has been reported in somatic cells that MG132 induces accumulation of proteasomes, PML (promyelocytic leukemia gene product), Sp100 and SUMO-1 in the nucleoli, and it has been suggested that the nucleolus may have a function in the regulation of proteasomal protein degradation [22] .
Transcription inhibitors, actinomycin D and α-amanitin, caused nucleolar compaction in growing porcine oocytes, as previously reported by Crozet [7] . Although the transcription inhibitor-induced nucleolar compaction mimics the compaction during oocyte growth in vivo, the reason why the decreased transcriptional activity leads to the nucleolar morphological change is not yet understood. Nonetheless, the results in the present study suggest that the transcription inhibitor-induced nucleolar compaction is associated with degradation of nucleolar proteins by the proteasome. Since MG132 causes accumulation of numerous proteasome-target proteins into nucleoli in somatic cells without inhibition of their transcriptional activity [23] , it cannot be assumed that the MG132 affected the oocyte nucleolar size via the effect on the transcriptional activity. It is thought that in the ovary, some unknown factor triggers the downregulation of RNA synthetic activity in growing oocytes, whose nucleoli in turn become compacted through the retraction of intranucleolar chromatin, exclusion of nucleolar proteins from the nucleolus and degradation of nucleolar proteins by the ubiquitin-proteasome system.
Methods

Oocyte collection and culture
Porcine ovaries were obtained from prepubertal gilts at a local slaughterhouse. After three washes in Dulbecco's phosphatebuffered saline (PBS) containing 0.1% (w/v) polyvinyl alcohol (PVA; Sigma-Aldrich, St. Louis, MO, USA), intact healthy early antral follicles 0.6-1.0 mm in diameter and large antral follicles 4.0-6.0 mm in diameter were dissected from ovaries. Ovarian cortical slices (1-1.5 mm) were cut from the ovarian surface by using a surgical blade (No. 21; Keisei Medical Industrial, Tokyo, Japan), and early antral follicles were dissected in PBS-PVA using a surgical blade (No. 21) and a pair of forceps under a dissecting microscope. Large antral follicles of 4.0-6.0 mm in diameter were dissected from ovaries by using two surgical blades (No. 11; Keisei Medical Industrial) in PBS-PVA. Collected follicles were opened in 25 mM HEPES-buffered medium 199 (HEPES-M199; Nissui Pharmaceutical, Tokyo, Japan) containing 0.1% PVA, 10 mM sodium bicarbonate and 0.08 mg/ml kanamycin sulphate (Sigma-Aldrich), and cumulus-oocyte complexes (COCs) were isolated from the follicles under a dissecting microscope.
Following three washes with HEPES-M199, groups of 10-15 COCs were cultured in 500 µl of basal medium supplemented with inhibitors in a 4-well multidish (Nunclon 4 Well Multidish; Sigma-Aldrich) in an atmosphere of 5% CO 2 in humidified air at 38.5 C. The basal medium was bicarbonate-buffered medium 199 (TCM-199) supplemented with 10% (v/v) fetal calf serum (FCS; ICN Biomedicals, Aurora, OH, USA), 0.1 mg/ml sodium pyruvate, 0.08 mg/ml kanamycin sulphate and 25 mM sodium bicarbonate. COCs containing fully grown oocytes were cultured in the medium supplemented with MG132 (2, 10 or 20 μM, Calbiochem, San Diego, CA, USA) or lactacystin (10, 100 or 200 μM, Calbiochem) for 24 h. In the solvent control group, oocytes were cultured with 0.5% (v/v) dimethyl sulfoxide (DMSO; Wako Pure Chemical Industries, Osaka, Japan) for 24 h. For lactacystin treatment, 2 mM dibutyryl adenosine 3′,5′-cyclic monophosphate sodium salt (dbcAMP, Sigma-Aldrich) was added to the culture medium to suppress the spontaneous meiotic resumption of oocytes.
COCs containing growing oocytes were cultured in the medium supplemented with actinomycin D (0.8, 4 or 8 μM, Sigma-Aldrich) or α-amanitin (10, 50 or 100 μM, Sigma-Aldrich) for 24 h. Some of the COCs were cultured in the basal medium supplemented with 0.8 μM actinomycin D or 10 μM α-amanitin for 24 h in combination with 20 μM MG132. In the solvent control group, oocytes were cultured with 1.0% (v/v) DMSO for 24 h. Actinomycin D and MG132 were dissolved in DMSO to prepare stock solutions and then kept at -20 C. Alpha-amanitin and lactacystin were dissolved in TCM-199 to prepare stock solutions and kept at -20 C until use.
Measurement of diameters of oocytes and nucleoli
After culture, cumulus cells were removed from the oocytes by gentle pipetting with a small-bore pipette in HEPES-M199. Oocytes were transferred into prewarmed HEPES-M199 drops (15 µl) individually, and their diameters (without zona pellucida) were measured to the nearest 1 μm with an ocular micrometer attached to an inverted phase-contrast microscope (OSM-4; Olympus Optical, Tokyo, Japan). For measurement of nucleolar diameters, oocytes were incubated in prewarmed HEPES-M199 containing 7.5 µg/ml cytochalasin B (Sigma-Aldrich) for 10 min in an atmosphere of 5% CO 2 in humidified air at 38.5 C. Then growing oocytes and fully grown oocytes were centrifuged at 3,000 g and 4,000 g for 10 min, respectively. Then the oocytes were washed with PBS-PVA several times and fixed with PBS-PVA containing 4% (w/v) paraformaldehyde (Wako Pure Chemical Industries) for 40 min. After fixation, the oocytes were washed with PBS-PVA three times, mounted on slides with PBS-PVA, and observed by a differential interference microscope (BX51; Olympus Optical). Photos of oocytes and an objective micrometer were taken at the same magnification by Viewfinder Life (Pixela, Osaka, Japan), and the diameters of nucleoli were measured. Each culture experiment was conducted at least three times. Statistical differences in the mean (± SEM) diameters of oocytes and nucleoli were analyzed by the Student's t-test. Values of P<0.05 were considered to indicate statistical significance.
